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5.5 Failure Analysis and Risks 

5.5.1 Electrical Failure Analysis 

5.5.2 Design Analysis & Issues 
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8.4 Rywheel ORU Development Plan 
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The objective of this study was to examine the overall feasibility of deploying 
electromechanical flywheel systems in space used for excess energy storage. Results of 
previous Rocketdyne studies have shown that the flywheel concept has a number of 
advantages over the NiH2 battery, including higher specific energy, longer life and higher 
roundtrip efficiency. Based on this prior work, this current study was broken into four 
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The battery box ORU base plate must be modified for flywheel usage. The major 
changes to the existing base plate are: 

• Elimination of the heat rejection fms. 

• Elimination of the battery cell sleeves. 

• Addition of flywheel mounting hardware 



The ORU walls and top plate do not require any modifications and the ORU box retains its 
original shape and dimensions. No changes to the structural interface between the flywheel 
box and the Integrated Equipment Assembly (IEA) will be required. 
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This scenario is schedule independent and requires minimal Station hardware changes 
implement. The schedule independence and minimal Station changes implies a lower cc 
(compared to the other alternative scenarios). It increases operational risk if the exce 
energy stored by the demonstration unit is needed by the Station load. 
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The objectives and specifications of the flywheel demonstrator experiment were refined 
during the search for an adequate hookup location to the Station EPS. 
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No special thermal management requirements were identified to conduct this 



5) The flywheel demonstrator will be hooked external to the Station EPS on the 
secondary power side using the external utility ports. This location offers enhanced safety 
and operational stability and minimizes Station structure scars. 
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Table 1-1 

Parametric Cost Comparison between Space Station Battery Storage System and Flywheel 

System 







Task IV Flywheel ORU Development Plan 



The flywheel ORU replacement development begins in CY2001 and ends in CY2006 with 
the replacement of all battery/BCDU ORUs with flywheel/PPU ORUs. Four subtasks 
(Design, Development, Qualification, and Flight/Replacement) and fifteen milestones are 
defined. 


r- 



This study was performed under NASA Lewis Research Center Task Order Contract 
NAS3-2808, "Feasibility of Flywheel Energy Storage Systems for Applications in Future 
Space Missions. This is one of many task order studies that evaluated space-based power 
system technologies for a variety of postulated future missions. 
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This report is divided into four major sections that discuss the results of each study. In 
addition, there is a short exposition of the Rocketdyne flywheel concept, taken from a 
previous IR&D study. Conclusions and recommendations for additional study taken from 
all four subtasks conclude this initial examination of space-based flywheel engineering 





This section briefly describes the Space Station Electrical Power System (EPS) and the 
current design of the battery storage system. The basic requirements of the battery 
charge/discharge unit (BCDU) and battery ORU for the IOC station are presented. Much 
of this material is from the WP-04 Power System Engineering Design Document, Rev. T. 
[Ref. 3-1]. In addition, the results of a preliminary Rocketdyne IR&D study comparing the 
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3.2 Battery Storage System Overview 




Battery ORU Characteristics and Requirements. 
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Table 3-2 

BCDU Characteristics and Requirements. 
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The electromechanical battery subsystem mass is a factor of 2.4 less than 
the battery system, on a per IEA basis. The flywheel system weighs 2760 
lbs versus 6,636 lbs for the battery system. These mass numbers are 
summarized in Table 3-4. 





ELECTRO-CHEMICAL BATTERY SYSTEM 

Total useable stored energy - 14.2 kiloWatt-hours 



storage subsystem. On an IEA basis, the battery energy storage system 
requires 7.4 kW of cooling capacity, compared to the flywheel storage 
system cooling requirement of 2.7 kW (Table 3-5). 
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Figure 3-2 

EPS Energy Flow for the Flywheel Storage Option. 
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Figure 3-3 

EPS Energy Flow for the Chemical Battery Storage Option. 
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The flywheel is contained within a lightweight containment vessel and requires a controller 
device for the magnetic bearings and the power processing unit for the motor/generator. 
The conceptual design of a complete flywheel energy storage unit containing two identical 
counter rotating flywheels is shown in Figure 4-2. 




o 


Figure 4-2. Flywheel Energy Storage System. 



tem Parameter NiH2 Battery Flywheel EMB 



The Magnet Halbach Array Motor/Generator design has been proposed by a team headed 
by Dr. R. Post at the Lawrence Livermore National Laboratory for applications involving 
flywheel energy storage systems. The design has been characterized for having very 
high efficiency and power to weight ratio. 


In the development of electromechanical batteries for commercial applications, such as 
electric powered vehicles, Rocketdyne investigated a number of motor/generator designs 
for such applications. The selection was narrowed down to two approaches, the Switch 
Reluctance and the Halbach Array designs. For aerospace applications the Halbach Array 
is the most promising because of its high efficiency and power to weight ratio. Although 



analysis were very encouraging, showing high uniformity of the magnetic field in the 
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substantive losses are the copper losses in the windings, since there are no hysteresis, 
windage, or bearing losses that need to be included. At high power levels the magnetic 
field produced by currents flowing in the windings will induce eddy current losses in the 
permanent magnet material, but an "upper limit" estimate has shown that this losses are 
negligible small (less than 10 watts.) 



A total of 46 parameters have been identified for designing and obtaining performance data 
of this type of motor/generators. A computer program was developed to help optimize the 
designs. This program is attached in the Appendix of this report showing preliminary 
performance data for a specific design, (8.41 Design Number), in this case for the 
proposed demo unit (see Tables A-l through A-6) 
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Space Station EEA. Two key concerns that were not addressed prior to this work are the 
impact of the flywheel/PPU replacement ORU on the structural, electrical and thermal 
interfaces to the Space Station and the IEA in particular, and the operational risks and 
possible failure mechanisms of the flywheel/PPU ORU. The following assumptions and 
guidelines were used in this assessment: 
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Figure 5-2 
Battery box ORU. 








































and the interfaces to the flywheel ORU and Space Station are discussed in the next section. 
This similarity between the flywheel and battery electronics indicates there will be no 
changes to the BCDU geometry or internal support mechanisms for the circuitry. The only 
major change to the BCDU ORU is the addition of three phase AC power cables from the 
flywheel ORU (discussed in section 5.3). 
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A top level examination of the Space Station EPS was conducted to assess the feasibility of 
an experiment replacing the Ni H2 battery ORU box and BCDU, (Battery Charge 
Discharge Unit) for an EMB (electromechanical battery) ORU and a PPU (Power 
Processing Unit). This section discusses the results of this examination. 


5.3.1 Major Subsystem Components 
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Technology Inc. from Northridge, CA has been working on a number of designs and have 
demonstrated their technology in a number of applications. 
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converter are controlled by a digital control system that receives mo tor/ genera tor rotor 
position information and control command signals from the supervisory control monitor of 
the PPU. 
























circuit is then modulated to provide either a steady DC output or a variable DC output. In 
the opposite direction, from the DC bus, DC power is modulated by resonant link circuit. 
This signal then becomes the input to the input bridge module which controls power in a 
synchronous fashion to each phase of the motor. 
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The flywheel and the magnetic bearing control system are assembled in the EMB ORU. 
Because of the relatively large number of electrical connections expected between the 
magnetic bearing control system and the flywheel assembly, this hardware topology 



















appears to be more suitable for maximum system reliability. Estimates that anywhere 
between 20 to 30 % of the circuit design may involve low voltage analog signals of which 
normally are susceptible to electrical noise and EMI. 
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Figure 5-10 

Comparison between Existing BCDU-DCSU Interface and Proposed EMB-DCSU 

Interface. 


5.3.6 BCDU/PPU Interface Comparison 
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Proposed PPU Interface Diagram. 






























5.3.7 EMB ORU/PPU Electrical Interconnecting 
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A summary of retrofit interface requirements is listed in Table 5-2. The EMB ORU would 
require a total of two additional electrical power receptacles, and the PPU would require 
two power plugs. To interconnect the EMB ORU with PPU, two cable harnesses will be 
required. This is a new item that would have to be added in the retrofit. 



















The battery/BCDU system requires a thermal control subsystem (TCS) to remove 
battery/BCDU waste heat, and maintains the NiH batteries within their specified 
temperature operating range of 32 to 50 degrees F. A functional description and design 
specifications of the TCS are discussed in detail in Ref. 5-1. When the battery/BCDU 
ORUs are replaced by the flywheel/PPU ORUs, the IEA waste heat load drops from 7.5 




kW/IEA to 2.7 kW/IEA. Thus, the existing TCS is sufficient to meet this lower heat load 
requirement for the flywheel system and no additional thermal capacity is required. 
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An analysis was conducted in the EMB ORU and PPU units to identify and evaluate the 
possible failure mechanisms, its consequences and to determine the necessary actions to 
minimize the risks that would be imposed on the Space Station Alpha in the event of a 
system malfunction. 
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Figure 5-14 

Power Flows and Losses in the PPU and Flywheel ORUs during Orbit Eclip 
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Figure 5-15 

Power Flows and Losses in the PPU and Flywheel ORUs during Orbit Insolati 












5.5.1 Electrical Failure Analysis 
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Table 5-4 

Flywheel ORU Failure Analysis Summary. 




The failure mechanisms of the PPU resulted in motor/generator control loss or health 
monitoring loss or loss of control interface with Space Station EPS. In all these cases it 
was possible to shutdown the EMB and complete recommended system isolation. 





Flywheel ORU Design Issues. 




6.0 Flywheel Demonstrator Experiment 
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This task consisted of crafting the objectives of the flywheel experiment and specifying the 
basic requirements of the total package. The experimental hardware consists of the 
flywheels, motor/generators, control electronics, power processing electronics, enclosure 
and interface to Space Station Alpha. Although the Space Station is an excellent platform to 
perform this test, the energy storage capability of the flywheel demonstrator creates unique 
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Note that an underlying assumption is that the demonstrator package will be deployed on 
Space Station Alpha, as opposed to the Russian Mir station, as a space shuttle payload, or 
on a dedicated LEO platform. In the event the flywheel demonstrator experiment cannot be 






Table 6-1 

Heirarchy of Flywheel Demonstrator Objectives. 






total demonstrator energy storage capability is 3.22 kW-hrs. The operational flywheel 
speed will be 26 - 52 kRPM and is capable of 78 kRPM. Note that this energy storage 
capability is the same as the proposed Station flywheel replacement ORU. This similarity in 
size was selected to minimize design and development tasks as the overall program moved 
from the demonstrator phase to the ORU replacement program (discussed in section 7.0). 


2) The flywheel input voltage will be 120 - 126 VDC, which is the specified Station 
secondary side voltage of the DDCU. Note that this is different from the BCDU input 
voltage range of 134-173 VDC, which would also be the input voltage for the flywheel 
replacement ORU. It is not an objective of the flywheel demonstrator experiment to test the 
wider voltage range of the primary side station EPS because that can be adequately tested 



secondary power side using the external utility ports. This location offers enhanced safety 
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Table 6-2 

Summary of Flywheel Demonstrator Station Hookup Configurations. 







Figure 6-1 

Flywheel Demonstrator Hookup Locations 1 & 2; Battery Box/BCDU IEA Location. 






Place the demonstration package in an empty IEA battery ORU/BCDU slot during station 




Flywheel Demonstrator Hookup Location 3 
Station Supplied Power and Load 


Primary Power 
to DDCU 



Load. 








Flywheel Demonstrator Hookup Location 4 
Autonomous Power/Load 



This case is similar to number 3 above except the power and load is independent of Station 
capabilities. This minimizes risk to Station operations but requires additional hardware for 
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Flywheel Demonstrator f- - 

Load Simulator 1 -— 

External Hookup 

Figure 6-4 

Flywheel Demonstrator Hookup Location 5; Station Power/Autonomous Load. 
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Power to charge demo will be provided by MBSU. Discharge of the demo will be 
accomplished through an impedance load bank which will be supplied with the demo unit 



HOOKUP LOCATIONS IDENTIFIED 



o 5 

<L> CX 


W IT) W) 
CN C 

cx vd 


*5 cd 

t: o 

S 'H 

■a 8 


o £> 
Q tt 


00 

w 

D 

X 
-*— » 

U 

Q 

o 

2 

£ 

00 

>> 

cd 

a 

X 

w> 

CQ 

X) 

.0 

<u 

D 

> 

P 

X) 

cd 

►H 

G 

• H 
> 

X 

O 

2 

X 

o 

oo 

V—4 

CX 

<L> 

<o 

u 

<u 

bD 

3 

£ 

o 

& 

s 

cx 

o 

cx 

> 

T3 

13 

•4— » 


£ s 

<u cx 

C <+H 

> o 
O £ 


o 

& <N 


£ * 


t s 


o 15 

c ~ 


fi "3 

o o 

e *fi 

ij 8 


5 H 
<3 

C/3 

CX 00 
CX O 

« 8 y 

CX cd Q 


a 8 


*-l t -4 

o 


X) 5/3 
cd oo 

P-H oo 

cd 


*-H C 

g o 

£ X 
o cx 
cx o 


<N ^ 1) 

£X ^ 

§ ° o 

.2 >> cx 

E £ 

o -g -S 

o > ° 

fc § >> 

£ K c 

<D <D 


a> cx 
n ^ 


2 *3 

S3 o 

•f? T3 


Ih 

c « 

.2 w 

Ph * 

ft o 

w J 3 
CX ps 

2 6 


<D o 

£ X 


C cd 
O X 

*5 c 

P 3 cd 


G oo 

O V3 

0 & 

<D (U 


oo p 
oo trr 

<D U 


&0 cd 

•g 4J 

S 


5 S ^ 

c x < 


*-» o 

oo X 


*C 

^ a> 

fli o 
SJ cd 


i ^ 

X k> 




unit calculated is at least 93 %, therefore the available power to the flywheels would be 6.8 
KW. In the discharge cycle considering the efficiencies and the duration of the eclipse, the 
total nominal power available is estimated to be about 6 KW. 



loads in the ISS. The load bank should also facilitate static and dynamic test loading of the 
EMB. Currently the EMB's are designed to deliver 5.5 KW, operating in a 2:1 speed ratio 
to a maximum of 50,000 RPM. Consequently 75 % of the total energy stored would be 
dissipated by the load bank. 


































INSOLATION SPACE 14 KW i PROCESStNQ 13 KW 



ELECTRICAL POWER FOR EMB CONTROLS PROVIDED THROUGH 

MAIN ELECTRICAL HOOKUP REGARDLESS OF LINE CONTACTOR POSITION 



Table 6-4 

Flywheel Demonstration Unit Charge/Discharge Sequence. 




























6.5 Demonstrator Structural Interface 
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main electrical interface to the flywheel demonstrator skid, which provides a conduit for 
power and control lines from the demonstrator to the Space Station. Like the Flywheel 
ORU, the BCDU ORU box was selected as the demonstrator PPU enclosure because it is 
cheaper and available. 






Figure 6-7 

Flywheel Demonstration Location on Long Spacer Assembly. 


The function of the Load Impedance Simulator is to present a controlled, programmable, 
electrical load to the flywheel demonstrator unit. The Simulator is programmable to 
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. The Demonstrator Thermal Management subsystem is modeled after the IEA 



TMS, which has similar operating characteristics and specifications (Ref. 4-1). This 
system consists of a convective cooling loop that circulates coolant through the Load 
Simulator and PPU ORU base plate, transfering waste heat from these devices to the 
coolant. The coolant flows to the radiator where the excess energy is radiated to space. 
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Figure 6-8 

Flywheel Demonstrator Component Locations on Test Skid. 








6.6 Demonstrator Test Manifest 
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In the second step of the testing, the EMB's are operated at medium level of power, also 
implying medium speeds. During the testing, dynamic electric loading should be 
accomplished to evaluate the dynamic response of the demo. Startup cycling should also be 
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Failures in the electronic control hardware of the PPU were also analyzed. The 
consequences identified were loss of bearing control, flywheel power, motor/generator 
control, health monitoring system, PPU control, and EMB control. In all cases the action 
to take was to proceed to shutdown the EMB and isolate the PPU. No major risks were 
found for the Space Station Alpha. 





ISSEPS*: INTERNATIONAL SPACE STATION ELECTRICAL POWER SYSTEM 


Table 6-5 

Flywheel Demonstration Failure Risks. 
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Trade studies were made to compare the life-cycle cost (LCC) of flywheels versus 
batteries/BCDUs (battery charge/discharge unit) for the Space Station energy storage 
subsystem (ESS) of the electrical power system (EPS). It is believed that flywheels can 
provide a lower cost alternative to batteries/BCDUs because they cost less and weigh less (so 
the launch cost is lower). However, the flywheels must be developed, and that development 
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On the other hand, a station with only a 10-year life would have no cost savings with 
flywheels. For the 15 and 20-year stations, the crossover point where the flywheel savings 
start to be realized is about five to six years after PMC (permanently manned configuration). 
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Vendor G&A and profit are 26% (applied to the PRICE model cost estimates for purchased 
flywheel components). 


o 

T3 


73 

t-. 


4—* 

00 

O 

O 

G 

.2 

4—4 

«s 


<U 

• t—« 

n 

c u 

cd 


a 

00 

<D 

4—* 


00 

§ 

Oh 

cd 

4-4 

00 

<D 

CO 

4-4 

G 

<U 

S 




cd 


00 

O 

(U 

oo 

£ 

OS 

<N 


S 

to 

D 


G 

O 

•a 

cd 

cd 

Oh 

00 

.fa 

G 

cr 

<D 

G 

O 

*G 

cd 



4-* 

00 

O 


4-» 

00 

<D 

<D 

3 

G 

a> 

JG 

o 

IG 

• f-4 

O 

C/3 

<D 

‘N 

O 


O 

cd 

C 

H 

55 

Ph 

G 

<D 

00 

4—» 

c 

T3 

Td 


Oh 

00 

c 

S 

oo 

a> 

CX 

X 

<D 

0 > 

c 

o 

o 

B 


■s 

<L> 

m > 

Q 

■s 

G 


& 

w 


G 

tit) 

U 


D 
■*—* 
cd 

a 

o 

o 

u 

1 —t 


G 

o 

oo 

4-4 

JG 

PQ 

D 

G 

<D 

> 

♦ 

K 


Oh 


T3 

bD 

*1-4 

JG 

4-4 

bJO 

<u 

<u 

<D 

JG 

(U 

’S 


<d 

.a 

<u 

£ 

(-4 

O 

CO 

JG 

4-4 

o 

TD 

£ 

>> 

CGI 

o 

4-* 

X) 


s 

4—* 

x> 

o 

"O 

<u 

4-4 

r- 

o 

oo 

73 

e 

o 

C 

cd 

C/5 

<0 

00 

Td 

<u 

on 

cd 

JG 

a> 

• f-4 
r—i 

& 


a 

<D 

£ 

<D 

O 

X 

<D 

u 

Pi 

00 

B 

G 

<D 

1 

cd 


CO 

4-4 

00 

4-4 

o 

TD 

c 

2 

On 

X 

Oh 

ts 


O 

o 

c 

cd 

M-h 

<L> 

4-4 

G 

<D 

£ 

CO 

O 

(N 

e 


G 

o 

73 

JG 

CO 

2 

4-4 

a 

•8 

a 

2 

cd 


o 

G 


cd 

X) 

4-4 

K 

G 

cd 

S 

UG 

o 


? 

<D 

JG 

<U 

JG 

1 

O 

4-* 

J-H 


Ph 

4-4 

4-4 

^4 —1 

2 

Oh 

73 

00 

<D 

+-* 

00 

O 

Oh 

T3 

G 

cd 


4-4 

*3 

G 

e 

t> 

£ 

& 

O 

4-4 

J4-4 


O 



P 


o 

0 ) 

cd 

a 

2 

s 

o 


8 

03 

00 

4-4 

JG 

W> 

oo 

U 

Pi 

<u 

JG 

4-4 

w> 

o 

G 

<U 

G 

8 

2 

<D 

G 

"2 

a3 


TG 

§ 

£ 

<u 

£ 

t~4 

•1—4 

<u 

CO 

G 

O 

• 

4— > 

c 

*^3 

G 

p ■ 

O 

c 

M 

8 

a, 

O 

JG 

4-4 

o 

O 

oi 

00 

4-* 

00 

O 

O 

0 > 

4-* 

4-4 

cd 

X) 

-G 

H 

cd 

o 

£ 

*o 

.3 

Ph 

PQ 





<D 

4-* 

(D 

H 

in 


VO 


£ 

00 

• ^4 

Ph 

00 

s 


<D .2 

4-4 • *“4 

6 g 

g O 

2 8 

c > 

B £ 

*-• >. 

S3 c 

> « 

G, -S 

00 u 

s J? 

S3 ^ 

oo bd 

oo 

CO 

W 2 


n. cd 
cd 4-4 
P <u 

<D 1-. 

I i 

1 £ 

’fi p 

I 1 

S’ -a 


K o 

o 

W <u 
O 


1. The PRICE H model is based on weight, engineering complexity, and manufacturing 
complexity. The weights of the components were fixed during the trade studies, but the 
complexities were varied in order to determine the sensitivity of the results to the complexities. 


Space Station Flywheel ORU 



Cost Breakdown Structure for PRICE H Parametric Computations. 
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The other inputs to the trade studies are summarized in Table 7-5. Launch costs were varied 
from $2,000/lb (similar to the Proton launch cost) to $4,000/lb (similar to Ariane V and 
Shuttle launch costs). 



ice Shel 


— d> oi tJ 
T-Irl () 

oi .q — h 


HI H CJ 
■ I v» O' 

H C ric 

-C O O i (1 

H .1 II H i 

u n ai 4> t 

-1 m m <p *m •• 

hm it r! id # 

a nj Uwi vi d 
out) u>q t: 
• i id M i: 
eiwo-u 


O O O OV 0(0 
o o in o o\ o m 

<T> O (N U) Ol O Ol 

... • f-4 • O' 

HHO tSl r-l m 


41 dl u 
u c o o 
3'H U U 
T) tJ>0 O 
OCH M 
U UJ Ou Cu 


0 >1-0 
0) U H 

G H H 01 

H H 

■M -H [xj 

O O :Q 

«M © 

<J U H tu 
(TJ fll --4 CO 
H 4) d) H 

co >* oc as 


4 O O H O O O 
o o m o o -H 
) o o n o o o 


O <l> 0» tn 

{J h g a g 

u o. 5> <u •»< 

<a 6 ri flj 41 

lu >t Cl W <11 

iJOU d) C 01 

C.C'H o & C 

tn O' w • 
H'HCOJldtJ' 

w <u oi u. a) a> c 

a> » q s 55 q u 


OOOOtt 

o o o o o 

O O O O O' 


nj O' 0) 0) 

tn q O' - H p 

r\ C H M 

10 -I -H a 3 

« O H -HU 

Ql O O U 

U H O H &i 

O E-« O' 0 C 
U U G IE H 

CO C G -H G 

flj 4J C 

n G o w id 

a*j o o a> 

O’ O U H U 

■h oi -o a> V 4J 

»H > O U o *H 

O dl M Id M C 

o a to cc. cu o 


k k k k 
(N ^ O V 

'TtNorg 

©4000' 


oi o u H 

N W W M 
•H O O 

yuug 

O H > H 
E I a> at 
<2hqo, 


(U 

03 


■4—» 

03 

03 

e 

W) 

y 

C 

c3 

> 

S3 

X 

4-* 


CO 

o 

C 

T3 

.2 

03 

*•4—» 


& 

■4—* 

CO 

6 

3 

C 

C0 

(U 

CO 


03 

o 

<D 

X 

<+H 

2 

+-> 

D 

c 

X 

o 

H 

T3 


c 

oi 

aj 

cx 

B 

4> 

4—4 

"O 

CO 

c 

X 

o 

4—* 


Sa 

00 

04 JJ 


s s 

5 x 

+-* 

o3 co 


Z3 ^ 

•a s 

> <k 

c ° 

•a a 


t3 co 

03 fl,) 


-a -s 

<U ^ 


.>> .s -Q 


o 

<u 

X 

X 

4-^ 

4—» 

<4-1 

bX) 

o 

G 

X 

"C 

03 

3 

Uc 

X 

O 

CO 

4h 

13 

CO 

<u 

4—* 

X 

"3 

CO 

t) 

& 

>> 

f-d 

X 

T3 

Uh 

D 

o 


<4—1 

3 

■*—» 

•4—» 

03 

<D 

X 

T3 

4—4 

O 

Vh 

o 

O 

00 


g X 

1 = 
*53 D 

<u o. 

53 < 


3 T3 
5a V 
<D T3 
*h 3 

0 > ’o 

X G 


55 c/5 

O <D 
X £2 
o >? 
JJ 3 

4) S 

C/5 e3 


b X 
g S3 
& a 
S oi 

O J=> 


& o 
o x 

x: eg 

GO C/5 

£ b 


(N ‘O 

^ « 

| *8 
bX) <D 

e -a 


5 ^ 

X) 


0) 00 

t- Lj 


H -c 
u 


o 

Oh 

4—* 

CO 

t-i 

O 

Oi 

O 

X 

0> 

03 

> 

• f^4 

C0 



eg 

o3 

3 

s 

<D 

3 


O 

*co 

0> 

X 

4-4 

4—4 

3 

o 

X 

X 

bX) 

03 

3 

o 

t-i 

X 

<D 

4—> 

X 

< 

bX) 

• H 


03 

<U (U 


4) 

X U, 


o 

JJ d> 
* ^ 
G G 


&U _j 

g < 
< ^ 
a. ©» 

d m 










Table 7-4 

PRICE Flywheel System Trade Study Analysis Spreadsheet. 














Table 7-5 

LCC Trade Study Inputs Summary. 


Space Station Cumulative Cost for Flywheels vs Batteries After PMC 
(hardwar e ± launch + flywheel d evelopment) 

15-Year Station L 

-$2,000/lb Launch Costl- 

Best Flywheel Cost I 













$87M (for a 5-year flywheel) and $139M (for a 10-year flywheel). The assumptions for this 
were: 15-year station, $2000/lb launch cost, and best flywheel cost. 



Figure 7-3 

Cumulative Cost Comparison between the Battery/BCDU, 5-year Fly wheel System, and 10- 

year Flywheel System for a 20-year Station. 


There are no cost savings for flywheels on a 10-year station. Flywheel development costs are too 
high to be recovered during operations in that short a time. 
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Figure 7-4 

Cost Savings of Flywheels Replacing Station Batteries as a Function of Launch Cost. 



Cost Savings With Flywheels Replacing Batteries 
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Station energy storage subsystem showed very large cost savings (some more than $1B) if 
flywheels are used. However, for the current trade studies, the groundrules and assumptions have 
changed considerably, and the cost savings using flywheels are much smaller (or even zero with 
some assumptions). The changes that have had a major impact on the results are summarized in 
Table 7-7. 
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This section presents the top-level development plan for the flywheel technology demonstration 
unit and the flywheel ORU flight hardware. Technology development programs for the four 
critical flywheel technologies, composite flywheel, magnetic bearings, PPU and Halbach Array, 
are proposed as well. The evolution and maturing of the space-based mechanical energy storage 
system from the initial technology programs through the demonstration unit and eventual space 
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Figure 8-2 

Space Station Alpha Program and System Phasing Schedule, Effective February 1994 . 




overall Program Flywheel Development Plan 1994 - 2006 



ID 

O 

© 

cn 




J1 


■rt 

o 

a 






i 






s 

o 

<N 






O 

C4 






O 

o 

w 






o 

o 

8 





■ 

9 

5 





■ 

$ 

a* 






1 

b- 

a* 

o> 

■ 

1 



■ 



1 

<o 

<r> 

o» 


■ 



to 

s 


■ 



S 

A 



• 

• 

>- 

T3 

C 

• 

-5 

O 

1 * 

cd • 

-*H £ 

(/X 0. 

s 

• 

£ 

O. 

8 

• 

£ 

Q. 

. Hi 

•o • g- 2 

8 | * 

| ||5 

c 9 c • 

• ® C q £ 

i 1 4 I 1 

o ^ o o o 

to LLJ r d ri 


W) C 
o cb 


<D 


\o 


(N 

u 

I 

On 

Os 

U 


(O 

oo 


s 

I 


W) 

E 


c 

S 

Ph 

> 

0 ) 

Q 

<u 

£ 

E 


cd 


cb 


cb 



The decision to eventually replace all battery/BCDU units on station Alpha is a total evaluation of 
the status of flywheel technology at that time, a status review of station Alpha, and consideration of 
the flywheel demonstrator performance. Once the decision to replace the battery/BCDU ORUS is 
made, these inputs are used to define the final flywheel/PPU ORU specification. This specification 
initiates the ORU design task and subsequent engineering, QA, acceptance and ORU production 
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Table 8-1 

Technology Readiness Level Assessment for Critical Flywheel Components. 
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The first two cntical steps in the technology program are the assessment of the existing technology 
base and a requirements flowdown from a realistic design evaluation of the flywheel ORU/PPU 
replacement. The technology assessment for each component will be conducted by the experts in 
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Figure 8-6 

Flywheel Technology Development Plan Program Logic. 























battery/BCDU replacement program discussed in the next section. Other orbital, deep-space, 
planetary, manned/robotic missions can also implement tailored EM energy storage technology 
over traditional battery storage methods as well, once EM technology is flight qualified. 
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unknown at this time. As shown in Fig. 8-7, installation and operation of the demonstrator 
experiment occurs early in the Space Station life (CY2000). This early date was chosen so the 
results of the demonstrator experiment can be fully utilized for the flywheel replacement ORU 
design task. 














Figure 8-8 

Flywheel Demonstrator Development Plan Program Logic. 
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the flywheel technology jumps from TRL 5 to TRL 9. This is the end result of the flywheel 
demonstrator program, with hopefully positive results that prove to be the springboard to both the 
Space Station battery/BCDU ORU replacement program and general acceptance of EM energy 
storage technology to other space missions. 
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The development subtask emphasis is on qualification of the ORU flight unit. Despite the 
similarity to the demonstrator flywheel system, a prototype ORU consisting of the flywheel box 
and PPU box are developed and tested. Once the basic flywheel ORU unit is qualified, flight units 
are produced, checked out and delivered to KSC. 
















Figure 8-10 

Flywheel ORU Replacement Development Plan Program Logic. 

















This study has examined Space Station Alpha-flywheel ORU interface issues, 
conceptualized a flywheel demonstrator experiment for the Space Station, estimated 
development and production costs for the flywheel replacement ORU program, and 
proposed a development plan for the three flywheel programs. 
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Cumulative Cost (1994$M) 


Space Station Cumulative Cost for Flywheels vs Batteries After PMC 



L 


— Batt/BCDU 
“ 5-yr Flywheel 
■ K>yr Flywheel 


* 


j Years After PMC 

Proton ~ $2.000/lb 


Arlans V & Shuttle - S4.000/lb 
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Cumulative Cost (1994$M) 


Space Station Cumulative Cost for Flywheels vs Batteries After PMC 
(hardware + launch + flywheel development) 

10-Year Station g 
' $2,000/Ib Launch Cost! 

Best Flywheel Cost I 

Assumes that all battery costs at PMC are sunk costs 

(development, production, and launch) _ 


* Batt/BCDU 
5-yr Flywheel 


launch 


Years After PMC 


I Proton ~ $2,000/lb 
lArlane V & Shuttle ~ S4,000/tb 
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Cost (1994$M) 


Space Station Cumulative Cost for Flywheels vs Batteries After IOC 
(hardware + launch + flywheel development) 

__ 20-Year Station L 

$2,000/lb Launch Cost! 

Low Flywheel Cost I 


Assumes all battery IOC costs are sunk coslsl 
" (development, production, and launch) I 


• Batt/BCDU 
5-yr Flywheel 
10-ynFlywheel 



SSFW12E1.XLC 6/27/94 1:10 PM 







Cumulative Cost (1994$M) 


Space Station Cumulative Cost for Flywheels vs Batteries After IOC 
(hardw are + launch + flywheel development) 

15-Year Station ^ 

$4,000/lb Launch Costl -- 

Low Flywheel Cost I 


Assumes all battery IOC costs are sunk costsl 
400 — (development, production, and launch) I 


' Batt/BCDU 


launctv^B ■“ 
Id -*/ launch 


Years Alter PMC 


5-yr Flywheel 
10-yr flywheel 



Proton - $2.000/lb 
Arlane V & Shuttle - S4.000/lb 
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Cumulative Cost (1994$M) 



SSFW12E3.XLC 6/27/94 1:08 PM 








Cumulative Cost (1994$M) 
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Cumulative Cost (1994$M) 


Space Station Cumulative Cost for Flywheels vs Batteries After IOC 
(hardware + launch + flywheel development) 

_ 10-Year Station ^ 

$2,000/lb Launch Cost! 

Low Flywheel Cost I 


400 -—Assumes all battery IOC costs are sunk costsL 
(development, production, and launch) I 


launch 


' Batf/BCDU 
5-yr Flywheel 


launch 


Years After PMC 


I Proton ~ $2,000/lb 
Arlane V & Shuttle ~ $4,000/lb 
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Cumulative Cost (1 
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Cumulative Cost (1994$M) 
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Cumulative Cost (1994$M) 


Space Station Cumulative Cost for Flywheels vs Batteries After IOC 
(hardware + launch + flywheel development) 

_ 10-Year Station L_ 

$2,000/lb Launch Cost! 

High Flywheel Cost 9 

500 --- 


Assumes all battery IOC costs are sunk costs 
400 -- (development, production, and launch) 
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Cumulative Cost (1994$M) 
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Total Cost Savings (1994$M) 


Effect of Launch Cost on Cost Savings With Flywheels Replacing Batteries 
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SSFW3C5B.XLC 6/27/94 2:48 PM 


























SSFW3C4B.XLC 6/27/94 2:46 PM 



































Total Cost Savings (1994$M) 



SSFW3C7B.XLC 6/27/94 2:53 PM 




















































Flywhe el Life on Cost Sav ings With Flywheels Replacing Batteries 

20-Year StaflonU 


Flywheel Cost 
Estimate 



Flywheel Life (yr) 
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